Background: Femoroacetabular impingement (FAI) is a well-recognized condition that causes hip pain and can lead to early osteoarthritis if not managed properly. With the increasing awareness and efficacy of operative treatments for pincer-type FAI, there is a need for consensus on the standardized radiographic diagnosis.
Femoroacetabular impingement (FAI) has been recently recognized as a cause of hip pain in young adult and middle-age populations and can potentially contribute to early hip osteoarthritis. 3, 16 FAI is associated with deformities in the proximal femur, the acetabulum, or both, which leads to impingement symptoms within the functional range of motion of the hip joints. 3, 36, 44 FAI is categorized into 2 subgroups based on the location of the deformity. A camtype impingement is caused by a decreased femoral head to neck ratio where the abnormally large femoral neck impinges on the acetabular rim. 16 On the other hand, a pincer-type impingement is caused by overcoverage of the acetabulum. 3 Accurate diagnosis of FAI is crucial to provide appropriate treatment. Thorough clinical examinations combined with proper radiographic findings are necessary for accurate diagnosis. Radiographic findings for a cam-type impingement are well established and include the increased alpha angle, decreased femoral head to neck ratio, and pistol-grip deformity. 6, 36 Radiographic findings suggestive of a pincer impingement include acetabular retroversion (crossover sign, posterior wall sign, and ischial spine sign) and coxa profunda. 11, 46 Both cadaveric and clinical studies have suggested that the accuracy of the crossover sign and the posterior wall sign can be limited by pelvic tilt. 44, 50 In addition, coxa profunda does not appear to correlate with overcoverage of the acetabulum. 1 The current study is a systematic literature review of all articles that contain diagnostic imaging modalities and radiographic findings for pincer-type FAI. This literature search aims to serve 3 purposes. First, it will allow us to assess the prevalence of each imaging modality and radiographic finding in the current literature. Second, we aim to increase the potential for a recommended set of imaging modalities for initial consultations to standardize the diagnostic tools for pincer-type FAI. Finally, this systematic literature review could help suggest the direction of future research for diagnostic tools for pincer-type FAI.
METHODS
A systematic literature search was performed in July 2016 using Cochrane, PubMed, and Embase search engines. In the Cochrane search, the terms "femoroacetabular," "femoro-acetabular," and "hip impingement" were used, and this resulted in the total of 63 articles. The term "femoroacetabular impingement" came into use in the Medical Subject Headings (MeSH) thesaurus in the PubMed database in 2011. Prior to that, it was indexed as either acetabulum (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) or hip joint (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) . The first search was performed using either "acetabulum" [MeSH] or "hip joint" [MeSH] and "impingement." The second search used either "femoroacetabular," "femoro-acetabular," or "femoro acetabular" and "impingement." After duplicates were removed, the PubMed and Embase searches yielded a total of 1905 articles. The Embase search was performed using "femoroacetabular impingement" and "diagnostic imaging" as search terms, and no new articles were added. Articles not in English were excluded, as well as articles on other hip pathologies (eg, tumor, trauma, neuromuscular disorder, slipped capital femoral epiphysis, Legg-CalvePerthes disease), postoperative hips (eg, hip arthroplasty, pelvic osteotomy, posttrauma), and animal studies. The titles and/or the abstracts were reviewed to identify studies that included any type of imaging modality. This process was done by 2 authors (C.R. and T.L.), and when there was disagreement between the authors, the articles were included for full-text review to prevent exclusion of potentially relevant articles. This resulted in 335 articles that underwent further review. The abstracts were reviewed by the same 2 authors to exclude articles that were specific to cam-type FAI, review articles, those related to other hip pathologies, or those not containing any imaging modalities. Again, any articles where there was disagreement between the 2 authors were included for full-text review. All articles that did not describe pincer-type FAI or did not have any information about imaging modalities were excluded. The final 44 articles were summarized in a format that was agreed upon by all authors. The PRISMA (Preferred Reporting Items for Systematic Reviews and MetaAnalyses) flow diagram ( Figure 1 ) reports the total number of included studies throughout the screening process.
The following information from each article was extracted: author, year of publication, title, type of study, level of evidence, demographics, imaging modalities, radiographic markers, and interpretation of the study. The level of evidence of each article was determined by the criteria described by Wright et al 52 (Table 1 ). In addition, each radiographic marker was graded using the Grades of Recommendations guideline, also described by Wright et al 52 ( Table 2) . Figure 1 . Flowchart summarizing the study selection based on PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) guidelines. 32 
RESULTS
Of the final 44 articles reviewed, there were 6 level 2 studies, 12 level 3 studies, and 26 level 4 studies. The majority of studies were noncomparative retrospective studies. The most frequently used plain radiograph was an anteroposterior (AP) view of the pelvis. Other radiographs include cross-table lateral, frog-leg lateral, and false profile views.
Multiple radiographic findings suggestive of pincer-type FAI were identified through the literature search. Six articles conducted studies on patients who had undergone either hip dislocation surgery or arthroscopy and utilized intraoperative information in varying degrees. The summary of the level of evidence, imaging modalities, and radiographic markers in each study is shown in Table 3 . The frequency of each of the radiographic markers used to diagnose pincer-type FAI is summarized in Table 4 . AP pelvis plain radiographs were utilized in 33 studies, making it the most frequently used imaging modality. Most studies did not specify whether these radiographs were taken in a standing or supine position. For the studies that did specify, 7 utilized supine films while 4 utilized standing AP pelvis films. Among the 33 studies, crossover signs were used in 27 articles (82%), lateral center-edge angle in 22 articles (67%), posterior wall sign in 12 articles (36%), coxa profunda in 9 articles (27%), and ischial spine sign in 9 articles (27%).
The center-edge angle was the most commonly used sign for acetabular overcoverage, utilized in 22 articles with plain radiographs, 2 articles with computed tomography (CT), and 1 article with magnetic resonance imaging (MRI). A center-edge angle greater than 35 to 40 was used as the criterion in most articles. The acetabular index was another marker for acetabular overcoverage, which was used in 4 studies. An acetabular index of 0 or less on AP pelvis radiographs was used to indicate overcoverage of the lateral acetabulum. 1, 26 Diagrams of each of the radiographic markers are shown in Figure 2 .
DISCUSSION
Femoroacetabular impingement is a well-recognized phenomenon that commonly causes pain in young populations and potentially leads to early osteoarthritis of the hip. 16 Despite its clinical relevance, accurate diagnosis can be challenging as the screening imaging modalities are plain radiographs, which can only show a 2-dimensional snapshot of the dynamic 3-dimensional pathology. As mentioned previously, the challenge is more apparent in diagnosing pincer-type impingement, as the accuracy of the radiographic markers and imaging tools is more questionable. Consequently, there are no standardized, evidencesupported sets of diagnostic tools for pincer-type impingement.
The majority of the studies used radiographic parameters in plain radiographs to diagnose pincer-type FAI. The 3 most commonly used radiographic markers for pincer-type impingement were the crossover sign, posterior wall sign, and ischial spine sign. However, the accuracy of these radiographic signs was questioned in multiple studies. Kappe et al 25 calculated the interobserver reliability of crossover sign, posterior wall sign, and ischial spine sign among 5 orthopaedic surgeons who perform approximately 200 hip-preserving operations annually. Intraobserver reliability was only moderate for crossover, posterior wall, and the ischial spine signs, with correlation coefficients of 0.514, 0.633, and 0.543, respectively. In addition, the assessment of acetabular version was related to the selfreported observer's experiences. 25 In addition, the study by Bellaiche et al 4 showed that the crossover sign from AP pelvis radiographs was poorly correlated with acetabular version obtained using magnetic resonance arthrography (MRA), with a sensitivity of 23% and specificity of 84%. 
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Wassilew et al 50 conducted a similar study to assess the accuracy of the crossover sign and the posterior wall sign by comparing plain radiography with CT. Both the radiographic markers showed poor sensitivity and specificity and were limited by pelvic tilt and inherent inaccuracy associated with plain radiographs. 50 The only study that used intraoperative findings as a gold standard to assess the accuracy of those radiographic markers was a retrospective study conducted by Diaz-Ledezma et al, 14 and their study found that these markers do not correlate with intraoperatively found chondral damage.
14 Although some studies show the accuracy of findings obtained from plain radiographs, 10, 11, 33, 45, 46 diagnosing patients solely on radiographic findings may yield inaccuracies.
The center-edge angle is another commonly used radiographic marker to assess the overcoverage of the acetabulum. The lateral center-edge angle showed high intraobserver reliability 8 and was shown to correlate with pincer-type FAI. 11, 28, 45 The cutoff to diagnose acetabular overcoverage varied between 35 and 40 , but an angle greater than 40
was the most commonly used criterion in the literature. Several studies compared the accuracy of 1 imaging modality over another, and the results are inconsistent. Corten et al 10 compared radiographic signs from plain radiographs such as crossover sign, ischial spine sign, and lateral center-edge angle, which correlated well with MRA findings in terms of pincer morphology. Similarly, Stelzeneder et al 45 also conducted a study that compares commonly used radiographic markers from plain radiographs, such as crossover sign, posterior wall sign, and center-edge angle, with MRI findings and found that all radiographic measurements correlated with those from MRI. Also, a study by Werner et al 51 showed that the radiographic markers, namely crossover sign, posterior wall sign, and ischial spine sign, correlate well with one another. Unfortunately, some studies have found contradicting results. Bellaiche et al 4 found that the crossover sign does not correlate with acetabular retroversion seen on MRA. A study by Wassilew et al 50 also showed that crossover sign and posterior wall sign are not accurate markers to assess for acetabular version when compared with CT findings. In addition, a study by DiazLedezma et al 14 concluded that crossover sign, posterior wall sign, and ischial spine sign do not correlate with chondral damages that are identified intraoperatively, which reliably predicts symptomatic pincer-type FAI. Herniation pit is an occasionally utilized radiographic marker to diagnose FAI, but its correlation with pincer-type impingement is unclear. In the current systematic literature review, 1 study supported the use of herniation pit while 1 study did not find association with pincer-type impingement. 23, 26 There are several studies that have suggested novel radiographic markers to help diagnose pincer-type impingement. A study by Boone et al 5 introduced acetabular roof ratios that were shown to correlate with acetabular overcoverage. The acetabular roof ratio is measured by drawing a line from the lateral edge of the acetabulum parallel to a line drawn between the centers of the femoral heads. Roof 1 is measured from the lateral edge of the sourcil until the point this line intersects with the sourcil medially. Roof 2 is measured from the end of the previous line until it reaches the ilioischial (Figure 3) . 5 In addition, DiazLedezma et al 14 introduced the acetabular retroversion index as a marker to assess the version, which is a ratio calculated by the crossover point between the anterior and posterior walls (Figure 4) . 14 Other markers include the extrusion index, recess sign, double-line sign, and b-angle, which are all potentially useful radiographic parameters but lack evidence to support their validity. 7, 10, 45 In addition, a study by Larson et al 30 showed a novel approach for measuring acetabular coverage using CT scanning. This approach can provide valuable information about the acetabular overcoverage and likelihood of pincer impingement when the plain radiographic findings are equivocal.
Recent studies utilized more advanced imaging techniques such as CT arthrography and MRA and assessed their accuracy compared with the intraoperative findings of labral tear or chondral damage, which serves as the gold standard. Sutter et al 47 compared the accuracy of MRA and conventional MRI using the intraoperative findings of labral tear and acetabular cartilage damage as a reference and concluded that MRA is more accurate. A study by Sahin et al 42 compared the accuracy of CT arthrography and MRA 3D, 3-dimensional; ACEA, anterior center-edge angle; AI, acetabular index; AP, anteroposterior pelvis, position unspecified; CEA, centeredge angle; COS, crossover sign; CT, computed tomography; dGEMRIC, delayed gadolinium-enhanced magnetic resonance imaging of cartilage; EOS, EOS imaging system (low-dose, 3D imaging technology); ISS, ischial spine sign; LCEA, lateral center-edge angle; MRA, magnetic resonance arthrography; MRI, magnetic resonance imaging; PCEA, posterior center-edge angle; PWS, posterior wall sign; pts, patients; StAP, standing AP pelvis; SuAP, supine AP pelvis.
based on intraoperative findings and showed that both are accurate in detecting labral tears and cartilage pathologies. Despite the potential utility of CT arthrography, plain radiographs and MRI are the traditionally accepted imaging methods, with more studies supporting the use of these Two different acetabular roof ratios were introduced in the study by Boone et al. 5 The first ratio is calculated by dividing the total roof length (roof 1 þ roof 2) by roof 2, and the other by dividing roof 1 by roof 2. imaging modalities compared with CT arthrography. Another retrospective study by Gonzá lez Gil et al 17 proves the accuracy of MRA when compared with the intraoperative findings.
Overall, the current systematic literature search has shown that the currently utilized markers from plain radiographs can be inaccurate and must be used in conjunction with thorough clinical examinations and appropriate advanced imaging modalities. It is also important to note that radiographic findings of pincer-type impingement are common in asymptomatic populations. 13, 43 In addition, a cadaveric study by Henebry and Gaskill 20 showed that pelvic tilt significantly alters the measurements of crossover sign and lateral center-edge angle, which are the most commonly used radiographic parameters. Consequently, the recommendation for appropriate pelvic radiographs is to standardize the distance between the sacrococcygeal joint and pubic symphysis to 3 to 4 cm. 9 However, the physiologic pelvic tilt is also altered significantly when the AP pelvis radiograph is taken in an upright position as opposed to supine. 27 Considering that upright pelvic radiographs may more closely represent the functional weightbearing position and orientation of the acetabulum and the femur, it is questionable whether it is clinically significant to artificially change the pelvic tilt to meet the diagnostic criteria.
In this study, we looked at the current literature and uses of different radiographic markers. Without strong evidence to support a single best radiographic marker, the findings from plain radiographs must be interpreted with caution and in conjunction with clinical findings. Based on common practice, we recommend AP pelvis radiography as the screening imaging modality, whether it be supine or standing, and recommend utilizing crossover sign, posterior wall sign, acetabular protrusion, and lateral centeredge angle. We cannot recommend appropriate lateral hip radiographs at this point based on the literature search. When either the clinical examinations or the radiographic parameters are equivocal, we recommend obtaining MRA or high-resolution conventional MRI scans to assess the 3-dimensional anatomy to analyze acetabular version and overcoverage, as well as to assess for cartilage damage.
Most of the radiographic markers are poorly supported by the literature and were given a grade C f , except for the herniation pit, which was given a grade C c recommendation as there was conflicting evidence in the literature. This is summarized in Table 5 .
The main limitation of the current systematic literature search was the limited number of studies that compared the accuracy of imaging modalities. Some studies have utilized CT scans and MRA as gold standards to assess the accuracy of plain radiographs. However, they only produce a static representation of a dynamic anatomy, and the accuracy of these imaging modalities must be investigated as well. Therefore, future studies are required not only to assess the accuracy of commonly used radiographic parameters from plan radiographs but also to assess the accuracy of advanced 3-dimensional images by comparing them with intraoperative findings. Ideally, these studies will measure all commonly used radiographic parameters from AP pelvis and cross-table lateral radiographs, and these findings will be compared with findings from MRA and direct visualization intraoperatively. Hopefully, future studies will be able to provide the algorithm for radiographic diagnosis of pincer impingement, thus minimizing unnecessary investigations and expediting the appropriate treatment for patients.
CONCLUSION
The current systematic literature review shows that the most frequently employed imaging modalities are AP pelvic plain radiographs followed by MRA. Cross-table lateral plain radiography is also used frequently. The 3 most frequently used radiographic signs, in order of decreasing frequency, are the crossover sign, center-edge angle, and posterior wall sign. The reliabilitiy of these radiographic signs was overall supported by the literature, and although the body of evidence is increasing, there is a lack of consensus due to a lack of highquality studies. MRA was shown in multiple studies to be accurate in detecting labral tear and cartilage pathologies when compared with intraoperative findings. We recommend the use of AP pelvis and cross-table lateral radiographs for initial consultations, and the use of the crossover sign, centeredge angle, and posterior wall sign on both. MRA can be ordered when the initial plain radiographs and clinical findings are consistent with the pincer-type FAI.
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